We have constructed a series of replication-competent retrovirus vectors to introduce and express gene cassettes in avian cells. To characterize these vectors, we inserted the coding sequences for the bacterial chloramphenicol acetyltransferase (CAT) gene linked to the chicken ,-actin gene promoter or the mouse metallothionein 1 gene promoter. In all cases, we found the structure of integrated proviruses to be stable during serial cell passage in vitro. Chloramphenicol acetyltransferase activity was detected biochemically and immunocytochemically in infected cells. Cassettes were inserted in the vectors in the same or in the opposite orientation with respect to viral transcription. Although both orientations were functional, the cassettes inserted in the forward orientation were usually expressed at higher levels than the corresponding backward constructions. The level of expression was strongly influenced by surrounding proviral sequences, particularly by the transcriptional enhancer elements within the retrovirus long terminal repeat sequences. Expression was higher with vectors that contained the polymerase (pol) region of the Bryan high-titer strain of Rous sarcoma virus. Inclusion of the Bryan pol region also improved vector replication in the chemically transformed quail fibroblast line QT6.
We have constructed a series of replication-competent retrovirus vectors to introduce and express gene cassettes in avian cells. To characterize these vectors, we inserted the coding sequences for the bacterial chloramphenicol acetyltransferase (CAT) gene linked to the chicken ,-actin gene promoter or the mouse metallothionein 1 gene promoter. In all cases, we found the structure of integrated proviruses to be stable during serial cell passage in vitro. Chloramphenicol acetyltransferase activity was detected biochemically and immunocytochemically in infected cells. Cassettes were inserted in the vectors in the same or in the opposite orientation with respect to viral transcription. Although both orientations were functional, the cassettes inserted in the forward orientation were usually expressed at higher levels than the corresponding backward constructions. The level of expression was strongly influenced by surrounding proviral sequences, particularly by the transcriptional enhancer elements within the retrovirus long terminal repeat sequences. Expression was higher with vectors that contained the polymerase (pol) region of the Bryan high-titer strain of Rous sarcoma virus. Inclusion of the Bryan pol region also improved vector replication in the chemically transformed quail fibroblast line QT6.
We have previously described the construction and nomenclature of a series of replication-competent avian retrovirus vectors (RCAS, replication-competent, avian leukemia virus [ALV] long terminal repeat [LTR] , splice acceptor retrovirus vector; RCOS, replication-competent, endogenous Rous-associated virus type 0 [RAV-0] LTR, splice acceptor retrovirus vector; RCAN, replication-competent, ALV LTR, no splice acceptor retrovirus vector; RCON, replication-competent, RAV-O, no splice acceptor retrovirus vector) that derive from the Rous sarcoma virus (RSV) and the endogenous RAV-O (9, 11, 12) . These vectors were constructed by replacing the v-src gene of the SchmidtRuppin A (SR-A) strain of RSV with a unique ClaI site that can be used for the insertion of DNA. Several adaptor plasmids that can be used to convert virtually any DNA segment to a ClaI fragment have been constructed (12, 13) . These vectors can be used, both in vitro and in vivo, to introduce DNA sequences into avian cells (9, 12, (23) (24) (25) 33) . The principle difference between the vector pairs RCAS/ RCAN and RCOS/RCON is the origins of their LTR sequences. RCAS and RCAN contain RSV LTRs and replicate efficiently, whereas RCOS and RCON contain the LTR sequences of the endogenous retrovirus RAV-0 and grow to lower titers.
The RCOS and RCAS vectors were designed to express inserted sequences as spliced, subgenomic transcripts initiating from the promoter within the proviral LTR. We have previously demonstrated that DNA sequences inserted in RCOS and RCAS are stably transferred and expressed in infected chicken embryo fibroblast (CEF) cultures (9, 12 (9, 11, 12) . The LTR sequences of RCAN derive from the SR-A strain of RSV (shaded boxes). The chloramphenicol (New England Nuclear; 60 Ci/mmol, 0.1 mCi/ml). Reaction mixtures were extracted with 0.5 ml of ethyl acetate. The organic phases were evaporated to dryness, dissolved in 30 [lI of ethyl acetate, spotted onto thin-layer chromatography plates (silica gel IB2; J. T. Baker), and chromatographed for 1 h (190 ml of chloroform and 10 ml of methanol). CAT chromatographs were quantitated by using a radioanalytic imaging system (Ambis, San Diego, Calif.).
Western transfer analysis. Virus was collected from 10 ml of cell culture supernatant by centrifugation as described above. Virus pellets were solubilized in 50 R1 of sample buffer (50 mM Tris-HCl, 2% SDS, 5% ,3-mercaptoethanol, 5% sucrose, 0.005% bromophenol blue) and were subjected to electrophoresis in 12% polyacrylamide gels (27) . Separated proteins were transferred to a nitrocellulose membrane with an Enprotech blotting apparatus (Integrated Separation Systems, Hyde Park, Mass.). To prevent nonspecific binding of antibodies, the filters were incubated in PBS containing nonfat dry milk (10%, wt/vol) for a minimum of 4 h at room temperature. The viral capsid protein p27 was detected immunochemically with rabbit anti-p27 sera (28) followed by alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (IgG; Kirkegaard and Perry, Gaithersburg, Md.). Incubation with anti-p27 sera was performed overnight at 4°C by using a 1:1,000 dilution in rinse buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA, 0.1% Tween 20) containing 1.0% nonfat dry milk. Filters were subsequently washed three times (each time for S min) in 100 ml of rinse buffer. Incubation with alkaline phosphatase-conjugated goat antirabbit IgG was performed for 2 h at room temperature by using a 1:666 dilution. Filters were again washed three times in rinse buffer, and alkaline phosphatase activity was de-tected by using the chromogenic substrates 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium (NBT) as specified by the manufacturer (Bethesda Research Laboratories, Gaithersburg, Md.).
Immunofluorescence. Cells were fixed and prepared for immunofluorescent staining as described previously (33) , except that cells were grown on glass coverslips. Cells were incubated simultaneously with a 1:500 dilution of polyclonal rabbit anti-CAT antisera and a 1:200 dilution of monoclonal mouse anti-p19 antisera at 37°C for 1 h. After incubation, the cells were rinsed five times with PBS and were again incubated simultaneously, but with a 1:200 dilution of rhodamine-labeled goat anti-rabbit IgG and fluorescein-labeled sheep anti-mouse IgG for 1 h at 37°C. Cells were rinsed five times with PBS and mounted in a 50% glycerol-PBS solution.
RESULTS
PCAT vectors. Detailed descriptions of the construction of the plasmids that contain the replication-competent avian retrovirus vectors, RCON and RCAN, have been published (9, 11, 12) . To (Fig. 2) . No differences in CAT activity were observed when these experiments were performed either by inserting the ,B-actin promoter directly into the PCAT vectors or by first linking the P-actin promoter to the CAT gene and inserting the ,-actin promoter-CAT cassette into the parental RCON described several modifications that have significantly improved the stability of our vector system in the absence of selection (11, 12) .
We tested the stability of RCON/PCAT and RCAN/PCAT vectors that contained either the chicken P-actin promoter or the mouse MT1 promoter after serial cell passage in CEFs.
To determine whether any of the viruses had undergone gross rearrangement, DNA was isolated after 10 passages and proviral sequences were mapped by using the restriction enzyme NcoI. Digested DNA was separated by agarose gel electrophoresis, transferred to a nitrocellulose membrane, and hybridized with a 32P-labeled probe. The probe was prepared from CAT and RSV DNA fragments that were mixed after they were labeled in separate nick translation reactions. The data for RCAN/PCAT-infected cultures are shown in Fig. 4 inserts carried by the RCON and RCAN vectors are expressed at lower levels in QT6 cells than in CEFs. A direct comparison of CAT and RT levels in infected CEF and QT6 cultures is presented in Fig. 6 . CAT and RT activity in RCON/PCAT-and RCAN/ICAT-infected QT6 cells were consistently 5-to 10-fold lower than in parallel CEF cultures. Similar results were also obtained with the corresponding RCONBP/,CAT and RCANBP/ICAT viruses that contain pol sequences from BH-RSV. Although all of the vectors tested did not perform as well in QT6 cells as they did in CEFs, Fig. 6 clearly demonstrates that QT6 cells infected with the retrovirus vectors containing the Bryan pol region produced more RT and CAT activity than QT6 cells infected with retrovirus vectors containing the SR-A RSV pol region.
In addition to CAT and RT assays, we have also analyzed virus production by immunoblot analysis of the capsid protein p27 in cell supernatants (Fig. 7) . In agreement with the CAT and RT data, infection of CEF and QT6 cells with RCANBP produced more p27 than the corresponding RCAN infections. This difference was particularly marked in QT6 cells. With both RCAN and RCANBP, we found higher levels of p27 in CEF cultures than in the corresponding QT6 cultures.
We have compared the proviral DNA in infected CEF and QT6 cultures by using EcoRI restriction endonuclease digestion and filter hybridization analysis (Fig. 8) . Extensive proviral rearrangements or deletions were not evident. The data indicate that in CEF cultures, the Bryan pol vectors did not accumulate at higher proviral copy numbers than the original RCON and RCAN vectors (Fig. 8A) . This implies that the Bryan pol region does not increase the level of expression in infected CEF cultures simply by increasing the number of proviruses in infected cells. Rather, this observation is consistent with a transcriptional activation model but does not rule out other mechanisms.
In contrast to the results obtained in CEF cultures, the data in Fig. 8B show that the amount of proviral DNA in We chose to test these vectors initially in cultured fibroblasts, using cassettes constructed from the promoter regions of two well-characterized eukaryotic genes linked to a reporter gene. Cassettes consisting of the chicken P-actin promoter and the MT1 promoter linked to the bacterial CAT gene were efficiently expressed in infected cells. CAT expression from the MT1 promoter was induced threefold in the presence of zinc. In general, proviruses were stable throughout serial cell passage. In CEF cultures we consistently observed low proviral copy numbers; approximately one provirus per haploid genome. Cells infected with vectors carrying promoter-CAT cassettes inserted in the same transcriptional orientation as the endogenous retrovirus genes (gag, pol, and env) expressed higher levels of CAT than cells infected with vectors containing the cassette in the reverse orientation. Since the cassettes we have constructed lack polyadenylation signal sequences, one possible explanation for this observation is that CAT mRNAs generated from cassettes inserted in the backward orientation lacked poly(A) tails and therefore were less stable or were less efficiently translated. We expect that mRNAs produced from cassettes inserted in the forward orientation were polyadenylated at the poly(A) site in the proviral 3' LTR. Alternatively, interference by transcription initiated within the LTR promoter may have reduced the levels of CAT mRNA that were transcribed from cassettes in the reverse orientation. A third possibility is that the CAT mRNAs produced from cassettes in the reverse orientation were inaccessible for translation because they annealed with complementary viral genomic and subgenomic mRNAs. With respect to the latter two possibilities, we found no evidence to suggest that vectors containing cassettes in the backward orientation replicated less efficiently than the corresponding vectors carrying cassettes in the forward orientation.
Numerous studies have mapped determinants of retrovirus pathogenicity and tissue tropism within the LTRs (see reference 34 for a discussion). At least some of the determinants within the LTR are transcriptional enhancers. The interaction of retrovirus enhancer elements with speciesspecific and cell-type-specific trans-acting transcription factors probably plays a major role in determining the location and extent of retrovirus transcription and consequently of retrovirus replication (22 (Fig. 5 and 6 ). By examining proviral copy numbers, we have ruled out the possibility that SR-A RSV LTRs increase CAT activity simply by elevating the number of integrated proviruses per cell. We currently believe that the SR-A RSV LTR increased the expression of CAT in RCAN-infected cells by stimulating transcription from the ,-actin and MT1 promoters. Using a strand-specific CAT sequence probe for RNA protection analyses (Si nuclease and RNase digestion), we have detected much higher levels of CAT transcripts in the RNA prepared from RCAN/CAT-infected cells than was found in RNA from RCON/,CAT-infected cells (data not shown). Using the same approach, we have also detected CAT transcripts in cells infected with vectors containing the fCAT cassette in the reverse orientation. Unfortunately, we have not been able to accurately quantitate the amount of CAT mRNA that is correctly initiated from the internal 3-actin promoter in infected cells.
The ability of BH-RSV to replicate more efficiently than other strains of RSV appears to map within the pol region of the virus (31) . Although the exact mechanism is not understood fully, preliminary studies indicate that this region serves to increase viral transcription. By substituting the pol regions of the RCON and RCAN vectors with the corresponding region of the BH strain of RSV, in each case we were able to increase the expression of inserted P-actin promoter-CAT cassettes by fivefold. An examination of proviral copy numbers has ruled out the possibility that in chicken cells, the elevated levels of CAT activity were the result of increased numbers of integrated proviruses per cell. Although we have not investigated what effect the Bryan pol region has on viral RNA levels in cells infected with our vectors, we have shown that cells infected with retrovirus vectors containing BH pol produce significantly more p27 capsid protein than corresponding vectors containing SR-A pol.
Our studies indicate that the established quail cell line QT6 is not as readily infected by the RCON and RCAN viruses as are CEFs. Consequently, the levels of promoter-CAT cassette expression were significantly lower in QT6 cultures. On the basis of the amount of proviral DNA in infected cells and p27 capsid protein levels, the RCANBP vector appears to replicate much more efficiently in QT6 cells than the vectors lacking the Bryan pol region. In QT6 cultures, a P-actin-CAT cassette was expressed at much higher levels when the retrovirus vector contained the BH-RSV pol region. We recommend that the versions of the RCON and RCAN vectors that contain the BH-RSV pol region be used for experiments done in QT6 cells.
The competent vectors from cloned copies of the genomes of RSV (6, 7, 15, 26) , spleen necrosis virus (8) , and the Moloney murine leukemia virus (29, 30) . The vectors characterized in this report will be useful tools for the stable introduction of gene cassettes into avian cells. By selecting appropriate promoters, we have begun to use this vector system to successfully target gene expression to specific cell types in vivo (19a) .
The effects of proviral sequences on the level of expression of DNA inserts from internal promoters are summarized diagrammatically in Fig. 9 . The capability of this vector system to express DNA inserts throughout a wide range (50-to 100-fold) of levels can be applied to investigate the effects of quantitative changes in gene expression. The latter should prove to be particularly useful for the study of genes involved in cell growth, differentiation, and oncogenesis.
